We use an end-to-end model of planet formation, thermodynamic evolution, and atmospheric escape to investigate how the statistical imprints of evaporation depend on the bulk composition of planetary cores (rocky vs. icy). We find that the population-wide imprints like the location of the "evaporation valley" in the distance-radius plane and the corresponding bimodal radius distribution clearly differ depending on the bulk composition of the cores. Comparison with the observed position of the valley (Fulton et al. 2017) suggests that close-in low-mass Kepler planets have a predominately Earth-like rocky composition. Combined with the excess of period ratios outside of MMR, this suggests that low-mass Kepler planets formed inside of the water iceline, but still undergoing orbital migration. The core radius becomes visible for planets losing all primordial H/He. For planets in this "triangle of evaporation" in the distance-radius plane, the degeneracy in compositions is reduced. In the observed diagram, we identify a trend to more volatile-rich compositions with increasing radius (R/R ⊕ 1.6 rocky; 1.6-3.0 ices and/or H/He; 3: H/He). The mass-density diagram contains important information about formation and evolution. Its characteristic broken V-shape reveals the transitions from solid planets to low-mass core-dominated planets with H/He and finally to gas-dominated giants. Evaporation causes density and orbital distance to be anti-correlated for low-mass planets, in contrast to giants, where closer-in planets are less dense, likely due to inflation. The temporal evolution of the statistical properties reported here will be of interest for the PLATO 2.0 mission which will observe the temporal dimension.
INTRODUCTION
The observational data on extrasolar planets has increased dramatically in the last two decades. The latest surveys conducted with different detection methods for example show that the presence of planets is, at least around solar-like stars, the norm (Mayor et al. 2011; Borucki et al. 2011; Cassan et al. 2012) . Thanks to the progress of the radial velocity and transit techniques, we have furthermore started to detect Earth-size planets in the recent years, including several planets that are potentially in the habitable zone (see Kopparapu et al. 2013) .
However, regarding the (geo)physical characterization of exoplanets, the information that we can observationally infer for most exoplanets is still limited to orbital elements and a minimal mass, or a radius. From a point of view of planet formation theory, a better knowledge of the basic (geo)physical properties of an exoplanet like its bulk composition is highly desirable as it is closely related to its formation history. For example, the presence of close-in low-mass planets consisting mainly of ices would indicate that these planets have formed outside of the iceline, and then migrated towards the host star. The frequency of such planets would thus serve as an important observational constraint for Type I planet migration models (e.g., Paardekooper et al. 2010; Dittkrist et al. 2014) . This is of high interest for the currently debated formation mechanism of this frequent type of planet (in situ versus orbital migration, e.g., Chiang & Laughlin 2013; Ogihara et al. 2015) . Besides this, it is also a critical factor in determining the habitability of a planet (e.g. Alibert 2014; Kitzmann et al. 2015) .
For a handful of transiting planets that have transmission or thermal emission spectra, and several direct imaging planets, one can derive constraints on their atmospheric structures and chemical composition from multiband photometry or spectroscopy (e.g., Richardson et al. 2007; Madhusudhan & Seager 2011; Konopacky et al. 2013) . But for the majority of exoplanets, it is currently not feasible to obtain the spectrum.
For a significantly higher number of exoplanets, the only (geo)physical constraints we can get, beside the orbital properties, have to be derived from the planetary mass (from radial velocity observations) combined with the planetary radius (from transit observations). Such combined measurements directly lead to the mean density of the planet which can be used as a first constraint on the bulk composition (e.g., Valencia et al. 2007 Valencia et al. , 2010 Rogers & Seager 2010b,a) .
However, this is a relatively limited approach due to the degeneracy in the planetary mass-radius relationship Valencia et al. 2010) , especially for low-mass planets with a gaseous H/He envelope (Rogers & Seager 2010b; Valencia et al. 2013; Howe et al. 2014 ): a silicate-iron core combined with a (potentially tenuous) H/He envelope can have the same mass-radius relation as a planet containing ices, but no H/He.
A large portion of the exoplanets discovered so far are close-in planets with a semi-major axis < 0.1 AU. At such small distances from the host star, planets are exposed to strong stellar irradiation and can undergo (hydrodynamic) atmospheric evaporation, a process that can be observed (Vidal-Madjar et al. 2003; Ehrenreich et al. 2015) . Low-mass low-density planets at close-in orbits are most likely to lose their entire gaseous envelopes due to their small gravitational binding energy (e.g., Lammer et al. 2009; Lopez et al. 2012; Owen & Jackson 2012; Jin et al. 2014) , and consequently become bare solid planetary cores with larger mean densities.
A gaseous H/He envelope will lead to a significant jump in planetary size due to the low density of gas. Additionally, the timescale of losing the last radius-increasing H/He is short (∼ 10 5 yr) compared to typical ages of planets (10 9 yr). Thus, the stripped bare planetary cores will be clearly separated from the planets that still retain an H/He envelope in planetary sizes, which results in an underpopulated gap or valley in the planetary radius distribution (Owen & Wu 2013; Lopez & Fortney 2013; Jin et al. 2014; Lopez & Rice 2016; Chen & Rogers 2016 ). This feature can be used as a powerful tool to study the low-mass close-in planets (Lopez & Fortney 2013) . For example, where the gap is located, and how it changes towards longer semi-major axes can be a criterion of their bulk composition and formation history, distinguishing in situ formed rocky planets from stripped cores of icy sub-Neptunes as well as different envelope loss processes (Lopez & Fortney 2013; Lopez & Rice 2016) .
For individual planets, the bare cores have a smaller compositional degeneracy because the extra degeneracy introduced by a gaseous H/He envelope is removed. Thus, with sufficient accuracy in the measurement of the mass and radius of close-in low-mass planets, we can better constrain the bulk composition by assuming that they are bare cores, in particular regarding the question whether some of these low-mass cores contain large amounts of ices. For a planet core that was fully formed outside of the (water) iceline, an ice mass fraction of about 50% is expected from condensation models. The addition of other ice species like CO 2 , CH 4 or NH 3 could increase the ice mass fraction even to about 2/3 (Lodders 2003; Min et al. 2011) . In this work, we are therefore mainly interested in the statistical population-wide consequences of the presence of large amounts of ices that substantially alter the mass-radius relation relative to a purely rocky composition. Such a characterization in terms of a large ice fraction is as mentioned of high interest for formation and evolution models. For the detailed analysis of individual objects, the reader is referred to, e.g., Dorn et al. (2017a,b) .
In this work, we investigate the population-wide impact of atmospheric escape of the primordial H/He envelope on two different synthetic planet populations, one with rocky planetary cores and the other with icy cores. We find that the final observable properties of close-in planets depend on the bulk composition of the planetary cores. For example, the typical statistical populationwide imprints of evaporation, like the locus of the "evaporation valley" or the one-dimensional bimodal radius distribution differ depending on the core composition. They may also be erased or blurred if there are both rocky and icy cores at close-in orbits (Lopez & Fortney 2013) .
We furthermore find that the planetary mass vs. mean density (mass-density) diagram of a planet population reveals important features of planet formation and evolution (Rauer et al. 2014; Hatzes & Rauer 2015; Baruteau et al. 2016) . It allows in particular to identify more clearly than in the mass-radius diagram the different fundamental planetary compositions: solid planets with rocky or icy interiors (terrestrial and ocean planets); core dominated planets with low amounts of H/He that did not trigger gas runaway accretion like (sub-)Neptunian planets; and gas giant planets dominated by H/He that did trigger it (Jovian planets). Observing these transitions is also of high interest for formation models, as it makes it possible to better understand the governing physics of planet formation. Mechanisms that can be constrained in this way are for example the (grain) opacity in primordial atmospheres and the associated efficiency of H/He accretion (Podolak 2003; Ormel 2014; , envelope enrichment (Venturini et al. 2016) or the hydrodynamics of embedded primordial atmospheres (Ormel et al. 2015) . They influence the amount of H/He that can be accreted by a planet and thus the mean planetary density as well as the critical core mass when gas runaway accretion can start. We find, however, that it is necessary to take into account the subsequent evaporation during the evolutionary phase as evaporation can substantially reduce the H/He mass compared to the post-formation one, at least for planets inside of ∼ 1 AU (depending on mass).
Moreover, thanks to the evolution of the mass-density diagram in time it may be possible to remove or at least reduce the degeneracy in the compositional parameters of close-in low-mass planets. For this it is important to consider that the mass-density relation is not static in time depending on the planet type, but evolves because of contraction and evaporation. This means that statistically solid and gaseous can be distinguished by studying the mass-density relation for a given mass and distance (or irradiation) interval at different moments in time, like for example 100 Myr and 5 Gyr. With the exception of extremely close-in very low-mass planets (PerezBecker & Chiang 2013) , for solids planets, the density is nearly constant in time, while for planets with significant gaseous envelopes it increases in time. Statistically, this would mainfest in e.g. a increase of the mean density for the considered sub-population, allowing to probe the typical composition in various parts of the mass-flux space. For low-mass gas-poor planets, different ice fractions will lead to different evolution tracks due to the changes in heat capacities and density distributions, and this can be used to statistically constrain the volatile content of planets if their radius and ages can be measured with sufficient precision (Alibert 2016) . To date, no precise age determinations for a statistically large sample of transiting planets/host stars on the main sequence have been possible. But with the PLATO 2.0 satellite (Rauer et al. 2014 ) scheduled for launch in 2024, the ages of a high number of host stars will be determined with about 10% accuracy thanks to systematic astroseismological analyses. This will enable for the first time to observationally follow the evolution of the planetary population in time, putting constraints not only on evaporation models like presented here, but also on models for inflated planets (e.g., Batygin et al. 2011) or the (re)distribution of heavy elements (e.g., Vazan et al. 2013) .
The paper is organized as follows. We briefly describe our planet evolution model with evaporation in Section 2. In Section 3, we show the 2D radius-distance distribution and the associated 1D radius distribution of the synthetic rocky and icy core populations and compare with observations. In Section 4 we analyze the ice mass fraction of planets that should have lost their primordial H/He. In Section 5, we study the mass-density distributions of the rocky and the icy core populations as a function of time and distance, and compare our results with the observed mass-density distribution of exoplanets. We finally present a brief summary and discussion in Section 6.
MODEL FOR PLANETARY THERMAL EVOLUTION AND EVAPORATION
Our model of combined thermodynamical evolution and atmospheric escape was described in detail elsewhere (Mordasini et al. 2012a; Jin et al. 2014 ), therefore we give here only a short summary. We reiterate just two aspects of the evolution model, which is first the outer boundary condition and second the rate of atmospheric escape. In all calculations, we set the start of the planetary evolution stage at 10 Myr, because nearly all protoplanetary gas disks have disappeared at about 8 Myr in our planetary formation model (Alibert et al. 2005; Mordasini et al. 2012a Mordasini et al. ,b, 2015 . From then on, the disk-driven migration and accretion of mass (planetesimals and nebular gas) stops, and the planets enter the evolutionary stage.
2.1. Atmospheric structure model One important aspect in modeling the long-term thermodynamical evolution of close-in planets is the temperature profile used to calculate the atmospheric structures in the top of the atmosphere where the stellar irradiation can penetrate. Analytical temperature profiles were developed based on the two-stream approximation, which assumes that there is an incoming stellar irradiation flux in the visible wavelength range and an absorbed and intrinsic thermal flux (Hubeny et al. 2003; Hansen 2008; Guillot 2010; Heng et al. 2012; Robinson & Catling 2012; Parmentier & Guillot 2014; Heng et al. 2014) . In this work, we adopt the globally averaged temperature profile from Guillot (2010) (τ is the optical depth):
where T int is the intrinsic temperature that characterizes the heat flux from the planet's interior, T eq is the equilibrium temperature obtained by averaging the stellar radiation over the entire planet surface, and γ = κ v /κ th is the ratio of the visible opacity to the thermal opacity (Guillot 2010) . The visible opacity κ v is not explicitly calculated but is incorporated in the model by γ, which was tabulated in Jin et al. (2014) . E 2 is the exponential integral E n (z) ≡ ∞ 1 t −n e −zt dt with n = 2.
Evaporation model
Our main focus in the evolution model is the atmospheric escape due to the heating from stellar X-ray and extreme-ultraviolet (XUV) irradiation (e.g., Watson et al. 1981; Lammer et al. 2003; Baraffe et al. 2004; Yelle 2004; Tian et al. 2005; Murray-Clay et al. 2009; Owen & Jackson 2012; Owen & Alvarez 2016) . Depending on the locations of the ionization front created by EUV flux and the sonic point in X-ray-driven flow (Owen & Jackson 2012) , an escaping wind can be dominated by either X-ray or EUV heating. Typically, atmospheric escape is in the X-ray-driven regime during the early evolution stage (Owen & Jackson 2012; Jin et al. 2014) .
To describe this regime we use the energy-limited escape rate given by Jackson et al. (2012) with the X-ray flux from 1 to 20Å taken from Ribas et al. (2005) . The typical values of the heating efficiency in energy-limited model are in the range of 0.1-0.25 (Lammer et al. 2009; Jackson et al. 2012) . We set in the X-ray-driven regime to 0.1, considering that mainly the X-ray flux from 5 to 10Å is responsible for heating (Owen & Jackson 2012) , rather than the X-ray flux from 1 to 20Å.
After the early evolution phase of intense X-ray-driven evaporation, atmospheric escape will transition to the EUV-driven regime, which itself can be further divided into two sub-regimes (Murray-Clay et al. 2009 ). Here we adopt the temporal evolution of the EUV luminosity of a solar-like star from Ribas et al. (2005) . The significant spread in the XUV luminosity among different stars of similar spectral type because of different rotation rates (Tu et al. 2015) is not yet taken into account in the simulations presented here.
At high EUV fluxes, a large portion of the heating energy is lost to cooling radiation, thus the energy-limited approximation is not suitable anymore. In this case we use the radiation-recombination-limited approximation given by Murray-Clay et al. (2009) :
where c s is the isothermal sound speed, ρ s the gas density at the sonic point, and r s the radius where the escaping flow reaches the sonic point. These quantities can be estimated using the description of Murray-Clay et al. (2009) . At low EUV fluxes (< 10 4 erg cm −2 s −1 ), the mass-loss rates can again be estimated using again the energy-limited approximation (e.g., Watson et al. 1981; Murray-Clay et al. 2009) :
where is the heating efficiency, F EUV the EUV flux at the position of the planet, R base the radius of the photoionization base (estimated as in Murray-Clay et al. 2009 ), M p the planet mass and G the gravitational constant. Here we adopt the heating efficiency found in Murray-Clay et al. (2009), = 0.3 . Note that in reality, the regime of atmospheric escape for a specific planet, and the heating efficiencies in each regime would depend on the specific planetary mass, radius, atmospheric composition, and the stellar flux and would thus change with time (Yelle 2004; Tian et al. 2005; Owen & Jackson 2012) . Detailed criteria for the occurrence range of different regimes were recently given -Temporal evolution of the envelope mass and total radius of a close-in low-mass planet. This planet has a rocky core of 4 M ⊕ and an initial H/He envelope of 0.1 M ⊕ . The blue solid lines show the simulation that includes evaporation. The blue dotted line shows the same simulation but without evaporation. The red dash-dotted line shows the core radius. There is a substantial decrease in planetary radius on a short timescale of ∼ 10 5 yrs when the planet loses the last part of its H/He envelope.
in Owen & Alvarez (2016) ; they will be included the population synthesis model used here in future work. On the other hand, the statistical imprints of evaporation on the entire planet population do not vary dramatically when the intensity of evaporation is varied within a reasonable range as shown in Jin et al. (2014) . Figure 1 shows as an example the temporal evolution of a 4 M ⊕ planet at an orbital distance of 0.05 AU. Such low-mass planets can have a large radius even with a tenuous envelope (Adams et al. 2008; Rogers et al. 2011; Mordasini et al. 2012b) , and can be easily evaporated to bare cores at close-in orbits (Lopez & Fortney 2013; Jin et al. 2014) . The planet shown in Figure 1 has an Earthlike core 1 (2:1 silicate:iron mass ratio) of 4 M ⊕ and a primordial H/He envelope of initially 0.1 M ⊕ . Its initial luminosity is 0.1 L Jupiter , corresponding to a specific entropy of 7.5 k b /baryon at the core-envelope boundary. If atmospheric escape is included, this planet loses all its H/He envelope already at ∼ 12.6 Myr after the start of evolution. Compared to the simulation that does not include atmospheric escape, the planetary radius decreases significantly in the case evaporation is included. The importance of already a small amount of H/He on the total radius becomes especially clear in the later stage 1 In this publication we follow the astrophysical nomenclature of calling the entire solid part of the planet consisting of iron, silicates, and potentially ices "core". This is different from the geophysical meaning.
when the planet is losing its last ∼ 10 −3 M ⊕ of envelope, during which the planetary radius decrease rapidly on a timescale of ∼ 10 5 years from ∼ 1.8 R ⊕ to ∼ 1.4 R ⊕ (the radius of its bare rocky core).
Limitations of the model
We recall a number of limitations of our model that should be critically kept in mind especially regarding the comparisons with observations: first, as mentioned, in reality there is a wide intrinsic spread in stellar L XUV of almost two orders of magnitude at early ages when evaporation is most important (Tu et al. 2015) . It is however clear that this spread in L XUV , as well as different efficiencies of evaporation (here also fixed to one value) could have important effects on the impact of evaporation (Tu et al. 2015) . These variations affect the population-wide impact of evaporation and could make the imprints of evaporation fuzzier, potentially more similar to the observational data. This is the subject of a follow-up paper.
Second, in the model all planets start with a primordial H/He envelope and reach their final mass during the presence of the protoplanetary gas disk. In reality, especially low-mass planets can acquire their final mass only well after the dissipation of the gas disk (e.g., Baruteau et al. 2016) , such that they start without H/He envelopes which would also weaken the evaporation imprints. Finally, and related to the second point, (giant) impacts can also play an important role in removing envelopes, leaving different statistical imprints (e.g. Schlichting et al. 2015; Lopez & Rice 2016) . Moreover, besides impacts there could be additional loss mechanisms like for example mass loss driven by magnetohydrodynamic waves (Tanaka et al. 2014) or core-powered mass loss (Ginzburg et al. 2016 , 2017 , see also Owen & Wu 2016 . A combination of all these effects would then lead to the observed radius-distance (or flux) distribution.
THE LOCUS OF THE EVAPORATION VALLEY FOR ROCKY AND ICY CORES
We simulate the long-term evolution of two planetary populations with rocky or icy cores, respectively, using the planetary population synthesis models that include both planet formation (Alibert et al. 2005) , as well as the subsequent long-term evolution (cooling and contraction) and atmospheric escape (Mordasini et al. 2012a; .
During formation, the disk-driven migration of each planet was calculated using the isothermal Type I migration rate (Tanaka et al. 2002 ) with a reduction factor of 0.1, in combination with the evolution of the protoplanetary gas disk (Alibert et al. 2005; Mordasini et al. 2012a,b) . Since we want to focus on the differential impact of the core composition on a planetary population undergoing atmospheric mass loss, we use the oneembryo-per-disk model. Planet-planet scattering is thus not included; the effect of the concurrent formation of several planets can be found in Alibert et al. (2013) .
The only difference between our two synthetic populations is the composition of planetary cores, that we artificially impose in order to study the limiting cases. In the rocky population, all the planetary cores have an identical entirely rocky composition with a 2:1 silicate:iron ratio, as in Earth. In the icy population, 75% of the , while the right panel shows the icy core population with icy cores (75% ice in mass). The color of each point shows the fraction of the initial envelope that was evaporated. Black points are the planets in the "triangle of evaporation" that have lost all their H/He. In the rocky population, the "evaporation valley" occurs at ∼1-2R ⊕ depending on distance. The cyan line showing the largest bare core is here at R bare ≈ 1.6 × (a/0.1 AU) −0.27 R ⊕ . In the icy core population, the valley is at ∼ 2-3 R ⊕ . The cyan line is here at R bare ≈ 2.3 × (a/0.1 AU) −0.27 R ⊕ . The gray shaded region in the right panel remains empty because only planets more massive than 1 M ⊕ are included. The empty arc-like part in the bottom right corner is also an artifact of this minimal mass and has no physical meaning. The contours are from Fulton et al. (2017) and show the completeness corrected occurrence rate of Kepler planets with brown (yellow) indicating a high (low) occurrence. The observed location of the valley is compatible with a predominantly rocky core composition (left), but inconsistent with a mainly icy composition (right).
core mass is in contrast water ice, and the other 25% is the same rocky material that has a 2:1 silicate:iron ratio. This high water mass fraction that is inspired by the original Hayashi (1981) minimum mass solar nebula model is chosen to make the difference between the two populations most apparent. In reality, one would expect a range of ice mass contents, depending on the exact formation location and chemical composition of the disk (e.g., Mordasini et al. 2016) .
Planets that have such a large amount of ice in their cores can only be formed beyond the snow line. These icy planetary cores could then migrate to close-in orbits by disk-based migration (Goldreich & Tremaine 1980; Lin et al. 1996; Zhou et al. 2005) or migration due to the dynamics in the planetesimal disk (Terquem & Papaloizou 2007; Ji et al. 2011; Ormel et al. 2012) . Despite the fact that the link is not self-consistent in the current work as we artificially set the core composition for all planets, it is clear that the rocky population can be associated with a formation of close-in low-mass planets inside of the iceline, while the icy population represents the case of efficient inward migration from beyond the iceline (Baruteau et al. 2016) . These cases represent limiting cases of the different theories for the formation of the numerous class of close-in, low-mass planets (e.g., Ida & Lin 2010; Chiang & Laughlin 2013; Raymond & Cossou 2014; Baruteau et al. 2016) .
The mass-radius relationship of known exoplanets show that a number of them are at least consistent with models of a high water content and no significant envelopes (Howe et al. 2014 ) (but see also Lopez 2017) . It is clear that in reality, not all the close-in planets of an actual population will have such a large amount of ice content in their cores, but using an entirely icy population is helpful to make clear the population-wide impact of the bulk composition of planetary cores.
3.1. The locus in the a-R plane We evolve planets with a mass of at least 1 M ⊕ in the rocky and icy core populations for 10 Gyr with atmospheric escape included. The population-wide impacts of evaporation and how they are related to the parameters of the evaporation model have been extensively studied in Jin et al. (2014) . Here we focus on the influence of the bulk composition of planetary cores, but recall the following: According to the core-accretion paradigm, lowmass cores can only accrete a small amount of gas due to their long Kelvin-Helmholtz timescales. Their initial envelopes, typically a few percent of the total planetary masses, can be entirely evaporated in a relatively short timescale for planets that have a sufficiently low (core) mass and small orbital distance, as illustrated by the example in Figure 1 . The radius of a bare core is substantially smaller than the radius of a planet that has a gaseous envelope. Moreover, the loss of the last 0.1% of a planetary envelope occurs on a timescale of ∼ 10 5 yrs (Figure 1 ), much less than the typical age of planets (∼ 10 9 yrs), therefore it is unlikely to see a planet exactly in this period. As a result, an "evaporation valley" running diagonally downward appears in the semi-major axis vs. radius distribution, corresponding a region that is devoid of planets, after most of the low-mass planets become bare cores (Owen & Wu 2013; Lopez & Fortney 2013; Jin et al. 2014; Lopez & Rice 2016; Chen & Rogers 2016) . Figure 2 compares the a-R distribution at 5 Gyr of the rocky and icy core populations. Both populations show an evaporation valley of ∼ 0.5 R ⊕ in width. But the locations of the evaporation valley in these two populations are clearly different. In the rocky population, the valley occurs at ∼ 1-2.3 R ⊕ depending on distance, whereas in the icy population, the evaporation valley occurs at ∼ 1.3-3 R ⊕ . The two cyan lines in Fig. 2 at the bottom of the valley showing the largest bare cores (solid planets without H/He) as a function of distance are at
for the rocky core population. This is consistent with the transition found by Lopez & Rice (2016) . In the icy core population, this limit is at
The middle of the gap lies about 0.3 R ⊕ above these values. There are two reasons for the different location of the valley for rocky and icy cores: first, in the icy population, when the envelope is still present, the mean density is lower because of the icy cores (provided that the envelope mass fraction is 0.1, Mordasini et al. 2012b ). This makes the planets more vulnerable to evaporation, shifting the limit not only to larger radii, but also higher masses (see below). Second, once the envelope is lost, the sizes of the bare cores in the icy population at fixed mass are substantially larger due to the 75% ice content.
The region in the a-R plane of planets having lost all H/He (the black dots in Fig. 2 ) below the cyan line has in a log-log plot a triangular shape. Therefore, we call this region the "triangle of evaporation". We further study the composition of planets in this interesting region in Sect. 4. One notes that the upper boundary of the triangle of evaporation is very sharp for the two synthetic populations. This is partially an artifact of the following two aforementioned model simplifications: First, all planet cores have the same Earth-like silicate:iron ratio, and, for the icy population, ice content. Second, the stellar XUV luminosity as a function of time is identical. In reality, there are variations in these quantities making the transition fuzzier, potentially as it is seen in the observational data (see the discussions in Sect. 2.3 and 4.1).
While there is a partial overlap in the location of the valleys in the rocky and icy core populations, we also see that a large number of the bare icy cores are of the sizes that correspond to the evaporation valley in the rocky population. Therefore, if close-in low-mass planets in a population consist of both rocky and icy cores in appropriate ratios, there will be a less clear evaporation valley after low-mass planets have lost all their envelopes. As already noted by Lopez & Fortney (2013) , the presence or absence of the evaporation valley as well as its location and depth can thus serve as a test whether close-in low-mass form with or without large quantities of water, a crucial information to understand their formation.
The situation in the a-M plane
We note that in contrast to the radius-distance distribution, the mass-distance distribution of low-mass planets does not contain a gap or valley at least outside of 0.06 AU, as the envelope masses are negligible compared to the total planetary mass, such that their loss does not affect in a significant way the a − M diagram, as shown in Jin et al. (2014) . For the type of planet considered here, the mass distribution therefore reflects the formation, while the radius distribution nowadays is driven by evolution. Interestingly, the locus of the gap which is a consequence of evolution allows to constrain their formation (inside vs. outside the iceline) better than without such an evolutionary effect.
The transition masses corresponding to the cyan lines at the upper boundary of the triangle of evaporation in Fig. 2 are at about
for a rocky core composition and
in the icy core population. These radius and mass limits allow to identify different planet types, as demonstrated below in Sect. 4. We comment that another evaporative desert in the a-M diagram that is not related to the low-mass and small planets discussed here may also exist. It is relevant for planets with larger initial masses (very close-in, not very massive giant planets), where the loss of the envelope does lead to a significant reduction of the total mass, in contrast to the low-mass planets we consider here. Indeed, there is a desert in the observed mass-distance diagram centered at about 60 M ⊕ and a ≈ 0.03 AU (e.g., Kurokawa & Nakamoto 2014; Mazeh et al. 2016 ).
Comparison with Kepler observations
The brown-yellow contours in Fig.  2 show the completeness-corrected relative occurrence rates of Kepler planets derived by Fulton et al. (2017) . The observational data also contains a valley at about 1.7 R ⊕ , separating a super-Earth local occurrence maximum of smaller, closer-in planets from a sub-Neptune local occurrence maximum of larger, more distant planets. One sees that the location of the observed valley is compatible with the synthetic rocky core population, but not with the icy core population. In the latter, the observed occurrence maximum of sub-Neptune planets would fall into the predicted valley. This shows that a predominately icy core composition is inconsistent with observations. In the rocky core population, the location of both the super-Earth and sub-Neptune over-densities are in contrast similar to the observations. We note that the observations can currently not constrain the radial dependency of the transition because of a lack of completeness of small planets at larger distances (Fulton et al. 2017 ). Probing such a region will be an important task for future transit observations, allowing to disentangle the different mechanisms that lead to bare cores.
If the gap is really due to atmospheric escape, then we can conclude from this comparison that the cores of close-in low-mass Kepler planets are predominantly composed of silicates and iron, without large amounts of ices. This is the most important result of this paper. The same conclusion was recently reached by Lopez (2017) from an analysis of a different aspect, namely the radii of ultrashort-period planets. The location of the valley in the rocky population is also compatible with the transition to non-rocky planets at about 1.6 R ⊕ found by Rogers (2015) . This suggests that these planets have accreted mainly inside of the water iceline. Combined with the clear population-wide imprints of past orbital migration in the Kepler data like in particular the frequency maxima just outside of MMR period ratios (Fabrycky et al. 2014) , the global picture arises that orbital migration in the protoplanetary disk played an important role in the formation of these planets, but that the migration was confined to the part of the disk inside of the water iceline. A reason for this separation could for example be Type I migration traps that occur at opacity transition like the water iceline (e.g., Dittkrist et al. 2014) , and the simple effect that lower-mass planets migrate slower than more massive ones in Type I migration (e.g., Ward 1997) .
These effects could mean that low-mass planets with masses of ∼5 M ⊕ or less forming outside of the water iceline did not have time to migrate all the way to 0.1 AU or were stuck in the migration traps. More massive (sub-)Neptunian planets with masses of ∼10 M ⊕ or more could in contrast still have migrated from beyond the iceline to 0.1 AU or less, because of their faster migration rate and the saturation of the positive (outward) corrotation torque at higher masses causing them to leave the migration traps. This would mean that there could be an ice mass fraction that increases with mass among the close-in planets. We note that population syntheses including these effects (Alibert et al. 2013 ) indeed predict such a "vertical" (in the a-R diagram) compositional gradient to increasing ice mass fraction with increasing mass or radius for planets inside of about 0.5 AU. Unfortunately, this class of planets is too massive to be probed with the position of the evaporation valley except for very close planets (Sect. 4). The fact that these (sub-)Neptune planets usually can retain thick H/He envelopes makes it very difficult to derive their core composition from the density.
The bimodal radius distribution
It is interesting to see how the two-dimensional distance-radius distributions translate into the onedimensional radius distributions, and to compare them with Kepler observations. Since for evaporation the transition is a function of distance, in this marginalization the distribution of orbital distances also matters. We first compare to the older data from Petigura et al. (2013) and then to the more recent Fulton et al. (2017) analysis. Figure 3 shows the occurrence rate as a function of radius for planets with orbital periods between 5 and 100 days in the two synthetic planet populations. For comparison, the plot also shows the occurrence rate of the Kepler candidates with a correction for survey completeness from Petigura et al. (2013) in the same rather wide bins. The sizes of the bare low-mass cores in the rocky population are in the range of about ∼ 1-1.9 R ⊕ , while in the icy population, the bare low-mass cores are in the range of 1.3-2.5 R ⊕ .
In Figure 3 , a depletion of planets (a local minimum in the radius histogram) is seen in the bin at 1.4-2 R ⊕ in the rocky population, and in the bin at 2-2.8 R ⊕ in the icy population. The maximum in the radius distribution of the bare cores in the icy population occurs at the same locus as the minimum in the rocky core population. Therefore, the local minimum in the one- dimensional (bimodal) radius distribution at small planetary sizes (Owen & Wu 2013; Jin et al. 2014) would be reduced by an appropriate combination of rocky and icy cores for such wide bins. Large uncertainties in the radius measurements would have a similar effect. In other words, if an important part of close-in exoplanets would have a core with a large ice mass fraction, there would be no obvious observational imprint (bimodal size distribution, evaporation valley) caused by atmospheric escape in observational data.
Comparison with the observed distribution of radii in Fig. 3 from Petigura et al. (2013) shows that there is indeed no local minimum in this early set of observational analysis. This would lead to the conclusion that the cores have a mixed icy and rocky composition (we will see next that this is not the case). On the other hand, with finer bins, Owen & Wu (2013) had found a rather shallow local minimum at about 1.9 R ⊕ among the Kepler KOIs. At the time of writing this work, the radius distribution of confirmed Kepler candidates at the NASA exoplanet archive still shows such a local minimum at around 1.7 to 1.9 Earth radii.
Recently, Fulton et al. (2017) presented a new analysis of the radius distribution of small Kepler planets. Their new detailed spectroscopic characterization of the host stars reduces the median uncertainties in the stellar properties like radius and thus also the planetary radius, enabling them to see finer structures.
They found a clear bimodal distribution that is shown by the green line in the right panel of Fig. 4 . The distribution consists in order or increasing radius of a first local maximum at a radius of about 1.3 R ⊕ (the superEarth maximum). It is followed by a deep local minimum centered around about 1.7 R ⊕ . This gap is about 0.5 R ⊕ wide. The second local maximum (the sub-Neptune maximum) follows at around 2.3 R ⊕ . The decrease in frequency in the gap relative to the two approximately Fulton et al. (2017) . The left and center panels show the synthetic population with rocky (red) and icy cores (blue dashed) separately. The position of the evaporation valley is shaded. The observed distribution (right panel, green) was normalized in the bin in the second maximum (the sub-Neptune maximum at about 2.3 R ⊕ ) to have the same value as the red curve at this point. We see that the location of the minimum in the rocky core population (red shaded, 1.3-2.1 R ⊕ ) is consistent with the observations, whereas the minimum in the icy core population (blue shaded, 1.8-3 R ⊕ ) is at too large radii. In the icy core population the minimum occurs at the position of the observed maximum, showing that a mainly icy core composition is inconsistent with observations. equally high surrounding maxima is approximately a factor 2-2.5, i.e., much larger then in the Owen & Wu (2013) analysis. At even larger radii, beyond the sub-Neptune maximum, the well-known decrease in planet frequency with increasing R follows (e.g., Borucki et al. 2011 ). Interestingly, this newly observed structure is quite comparable to the synthetic radius distribution predicted theoretically in Jin et al. (2014, their Fig. 14) , where a strong imprint of evaporation with a deep evaporation valley in the radius distribution was found in the models. At the time of writing of Jin et al. (2014) , this appeared rather inconsistent with the Kepler data available at that time.
In the left and center panel of the plot, we show the radius distribution of the rocky and icy core populations in the same finer bins. In order to have a sufficient number of synthetic planets, we include synthetic planets with a semimajor axis of less than 0.6 AU, about 0.2 AU more than in the Fulton et al. (2017) . The comparison of the two synthetic populations with the observed distribution reveals several interesting matches but also differences.
(1) It shows in a more precise way (compared to Fig.  3 ) the location of the minima in the two synthetic populations. We see that the minimum in the rocky core population is centered at 1.3-2.1 R ⊕ , whereas in the icy core it is at 1.8-3 R ⊕ . These radius intervals are shaded in red and blue in the figure. There is a slight overlap of the two theoretically predicted gaps at around 2 R ⊕ .
(2) Most importantly, the comparison with the observed 1D distribution shows clearly that the position of the valley in the synthetic rocky core population is consistent with the Fulton et al. (2017) observations whereas the position of the valley in the synthetic icy core composition is, in contrast, inconsistent. The minimum occurs for these icy core compositions at too large radii, in a way that the theoretically predicted minimum occurs quite exactly where in the observations there is a maximum (the sub-Neptune maximum). This finding that the 1D distribution for a predominately rocky composition is consistent with observations, but not for an icy one, reflects the equivalent findings for the 2D distance (or flux)-radius distributions presented above (Fig. 2) .
Together they form the main result of this study.
(3) A detailed comparison of the gap shape in the synthetic rocky and observed population shows that the decrease into the gap coming from the right (from large radii) agrees rather well. The largest difference between the rocky and actual population only occurs at radii between 1.2 to 1.6 R ⊕ , where the synthetic population is still strongly depleted, but where the observations already show the super-Earth peak. These planets could be massive rocky planets that did not become bare cores because of photoevaporation (the only formation path included in our model), but other mechanisms like a late formation after the dissipation of the disk such that they start with no H/He from the beginning Lopez & Rice 2016) , or a removal by impacts (e.g., Schlichting et al. 2015) . Regarding the former scenario, the largest bare cores are indeed predicted to have radii of around 1.6 R ⊕ (Lopez & Rice 2016; Fulton et al. 2017) , consistent with the difference in the histogram of the rocky population and the actual planets. Also a more efficient evaporation in some planetary systems than assumed here because of the spread in L XUV and/or could lead to this group. We also note that the mean stellar radius in the Fulton et al. (2017) sample seems to be around 1.25 R , whereas we are only considering 1 R stars. Another explanation is that these are some bare icy cores. The position of the valley shows that icy cores cannot represent the dominant composition, but this does clearly not mean that there are no planets containing a lot of ice at all (see also Lopez 2017). They would tend to fill the valley preferentially near its lower boundary as visible from the right panel. Accurate density measurements of planets in the super-Earth peak distinguishing rocky from icy compositions will allow to break the degeneracy of the two possible explanations. For a Earth-like composition, the radii in the strongest dearth in the synthetic rocky population (1.3-1.8 R ⊕ ) correspond to masses of about 3 to 9 M ⊕ (e.g., Mordasini et al. 2012b) .
(4) A difference to the observed distribution that is common to both the rocky and icy core populations is an excess of large planets to the right of the sub-Neptune peak, i.e., at large radii. In the radius interval to the left of the sub-Neptune peak, evolutionary effects (evaporation) are of prime importance in sculpting the distribution. In contrast, to the right of the peak we more directly see the result of the formation, as evaporation is inefficient for these more massive planets. We also see that the core composition is less important for these larger planets, shown by the converging rocky and icy core distributions for radii larger than about 3-4 R ⊕ . This difference is therefore a direct consequence of the formation model that over-predicts intermediate size planets (and also hot Jupiters, see Jin et al. 2014) . The reason could be a too efficient accretion of solids, too long synthetic disk lifetimes, etc. As it does not affect the main result (the location of the valley), this is however beyond the scope of this primarily evolutionary study.
(5) Another difference is the presence of an excess of planets in the super-Earth peak in the synthetic populations relative to the observations. This peak is quite high in the syntheses because it contains the cores of all planets that were evaporated out of the gap. In the rocky population, this excess becomes strong at radii of slightly more than 1 R ⊕ (see also the radius distributions in Jin et al. 2014) . Possible explanations are again an incorrect starting distribution predicted by the formation model (too many planets in the mass-distance interval that eventually become bare cores) or that effects other than atmospheric escape sculpt the distribution.
We see that the ice mass fraction of planets that are in the distance-radius plane inside of triangle of evaporation is of high interest to disentangle the different explanations for the structure of the radius distribution, and to see whether the planets there indeed have a rocky composition as expected from the valley's position. This is addressed in the next section.
POSSIBLE ICE MASS FRACTIONS OF PLANETS IN THE TRIANGLE OF EVAPORATION
In this section we use the results of the previous section on the location of the evaporation valley to derive constraints on the bulk composition of a sample of closein low-mass planets. We assume that planets that are located in the triangle of evaporation below the evaporation valley for rocky cores (the more conservative criterion) do not contain primordial H/He, i.e., that they are essentially solid planets consisting of iron, silicates in the form of MgSiO 3 (perovskite), and potentially ices 2 . The absence of H/He reduces the degeneracy in the massradius relation, an effect that was previously not included in a detailed way (using a coupled evolution and evaporation model) in similar analyses.
4.1. The iron mass fraction Unfortunately, even if H/He is absent and for vanishing observational errors, it is still not possible for a given mass and radius to derive in a unique way the ice mass fraction as the fraction of iron in the rocky part of the planet is in general still unknown. There are also differences introduced by silicates other than MgSiO 3 , but these are in comparison of minor importance (Seager et al. 2007, hereafter SKHM07) .
However, in the Solar System, Earth, Venus, Mars, and Vesta all have a roughly chondritic bulk composition with relative mass fractions of silicates:iron of about 2:1 (SKHM07, Asphaug & Reufer 2014) . Among the extrasolar planets, the mass-radius relation for planets with radii less than 2.7 R ⊕ and with masses known with an error less than 20 % are approximatively also compatible with such an Earth-like composition (Dressing et al. 2015; Motalebi et al. 2015; Buchhave et al. 2016 ).
An Earth-like iron mass fraction is also expected from condensation models for stars with a (scaled) solar composition, which is the typical chemical composition of stars in the solar neighborhood, at least for stars in the thin disk and [Fe/H] not too different from the solar value (Santos et al. 2015) .
Furthermore, Grasset et al. (2009, hereafter GSS09 ) demonstrated that uncertainties related to Fe, Mg, and Si composition and temperature structure are secondary compared to the effect of the amount of water. As we are in this work interested only in the presence of large amounts of ices (∼50% in mass as expected for a formation beyond the ice line), and not a fine analysis of the composition, we assume that the rocky part of all planets has a 2:1 silicate:iron composition in mass.
It is clear that in the Solar System, Mercury with its massive metallic iron (about 70% by mass), and the Moon with its small iron core, do not follow this relation. This shows that for individual planets, this assumption may not hold. It is worthwhile mentioning that the objects in the Solar System with a clearly different composition are small bodies. Here, we only address planets with a radius of at least 0.75 R ⊕ .
The observational sample
For the analysis, we use the sample of Weiss & Marcy (2014, hereafter WM14) with 65 extrasolar planets smaller than 4 R ⊕ with measured masses or mass upper limit both from radial velocity observations and TTVs. We exclude planets with a negative nominal mass and a radius of less than 0.75 R ⊕ that have so large uncertainties in the mass that they cannot be used to meaningfully constrain the composition. We also exclude GJ 1214 b as our theoretical models apply to solar-like stars. With the exception of Kepler-138b which has an unconstrained density anyway, the other planets have host stars with masses between 0.75 and 1.25 M , clustering around 1 M . This leaves us with 55 planets.
Their semimajor axis a, the nominal mass M , the 1-σ uncertainty in the mass s M , the radius R, and the 1-σ uncertainty in the radius s R are given in Table 1 . These values are directly taken from WM14.
Inferring the ice mass fraction
Using the masses and radii and their 1-σ errors we then calculated the minimal density ρ min = ρ(M −s M , R+s R ), the mean density ρ mean = ρ(M, R), and the maximal density ρ max = ρ(M +s M , R−s R ). These values are listed in Table 1 . We then used our internal structure model for solid planets (Mordasini et al. 2012b ) to derive the ice mass fraction that is needed to obtain these densities. This leads to the maximal ice mass fraction f ice,max , the mean f ice,mean , and the minimum f ice,min . Note that an f ice = 1 in Table 1 means that H/He is necessary to explain a planet's density, and not a 100% ice composition (no silicates and iron at all), as the planetary density is lower than the one obtained for a pure ice composition. As described in Mordasini et al. (2012b) , in this model we numerically integrate the equations of mass conservations and hydrostatic equilibrium using the modified polytropic EOS for iron, perovskite, and water ice of SKHM07 assuming a differentiated interior. For the rocky mass of the planet given as (1-f ice )M we assume as mentioned a 2:1 silicate:iron composition by mass. The mean planetary density for planets with masses between 1 and 10 M ⊕ as a function of f ice is shown in Fig. 5 . We first see the effect of self-compression with increasing planet mass. Second, we see that planets consisting of about 50% ice, as expected for a formation outside of the iceline, have a density that is about half as high as for planets without ice.
To quantify the sensitivity of the derived f ice on the internal structure model, we have repeated the calculations using instead of the aforementioned modified SKHM07 polytropic EOS the fitting relations of GSS09 that yield the f ice for given M and R. These models are also shown in Fig. 5 . They use several more different EOS and explore the impact of various silicate compositions and temperature structures. They also find that even for masses and radii known without uncertainties, these factors allow to constrain the ice mass fraction to only about 5 %.
It is found that the derived ice mass fraction found for the planets in the WM14 sample with the two models agree relatively well, with differences in f ice of typically about 0.05 or less. For example, for 55 Cnc e, a mean f ice =0.204 is found with the SKHM07 polytropic EOS, while the GSS09 fits lead f ice =0.152. In Table 1 we only show the results obtained with the SKHM07 model. In the statistical analysis below, we include both results. As we will see, using the two different models induces only minor changes in the major planet types identified, and does not change the statistical trends found. This is despite the difference seen in Fig. 5. 
Incorporating a vapor layer
The two internal structure models just described both assume that the water layer is in the solid form with material densities of about 1 g/cm 3 or higher. They thus neglect the radius enhancement resulting from the presence of a low-density vapor layer. To address this issue, we have considered two approaches to infer the water mass fraction:
In the NoDampf analysis, we neglect the vapor layer. Neglecting a possible low-density vapor layer means that the ice mass fraction inferred in this analysis may be too high, as the vapor layer tends do reduce the mean density of the planet.
In the Dampf analysis, we take it into account in the following way: we first estimate the thickness of the vapor layer assuming it is isothermal with a temperature that is equal to the planet's equilibrium temperature T eq for zero albedo, and extends from a low pressure P photo =20 mbar, the typical pressure level for the optical photosphere in a transit (Lopez 2017) , to a high pressure P solid where the density of the vapor becomes approximately unity, as assumed in the SKHM07 and GSS09 models. The equation of state ANEOS (Thompson 1990) shows that at the temperature of interest (∼ 10 3 K to order of magnitude) this should happen at pressures of ∼ 10 10 dyn/cm 2 . The exact value is fortunately not important because of the weak logarithmic dependance.
The vapor layer thickness is then estimated as
where H = k B T eq /(µm H g) is the scale height with k B the Boltzmann constant, µ = 18 the vapor mean molecular weight, m H the mass of hydrogen, and g the gravitational acceleration. Inserting these two pressures, one finds that the thickness is about 13 scale heights. We then subtract W vap from the observed radius to obtain the radius R solid of the solid part of the planet. We then use R solid and the (total) mass of the planet to again calculate the densities and maximal, mean, and minimal f ice . By subtracting the vapor's layer thickness, but neglecting its mass, we increase the planet's effective density, such that the ice mass fractions obtained in the Dampf analysis are lower than in the NoDampf analysis. Note that the ice mass fractions found in this way are still not a strict lower limit, because of the isothermal approximation. But the difference between the Dampf and NoDampf analyses gives an measure how robust the results are.
It is obvious that our analysis using a simple EOS or fits and only the 1-σ errors does neither lead to accurate ice mass fractions for individual planets compared to more sophisticated EOS nor a full description of the consequences of the errors compared to, e.g., a Bayesian analyses (e.g., Rogers 2015; Dorn et al. 2017a ). But given the significant observational error bars that make it currently impossible to derive fine constraints even for well characterized exoplanets in any case (Dorn et al. 2017b) , and our goal to reveal just the strongest statistical compositional tendencies and not the composition of individual planets, this approach is appropriate, as shown by the clear trends found below.
Planet classification
For the classification, besides the three values of f ice , we also compare the planets' radius R and semimajor axis a with the local R bare (a) = 1.6 × (a/0.1AU) −0.27 . If R/R bare is larger than unity, we classify the planet as one outside of the triangle of evaporation (30 planets), and inside of it otherwise (25 planets). For planets outside of the triangle of evaporation, a H/He envelope is expected according to our theoretical evolution model. The quantity R/R bare is given in the second last column of Table 1 .
The values of the three ice mass fractions and of R/R bare finally allows us to classify the planets in the following 8 types. We always indicate the number of planets identified with the SKHM07 EOS for the NoDampf and, in parentheses, also the Dampf analysis.
• Type I: outside, with H/He. These are planets with f ice,min (and therefore also f ice,mean and f ice,max ) equal to 1 which means as mentioned that H/He is needed to explain their low density, which is lower than for even for a pure ice composition. There are 11 (11) such planets in the sample.
• Type 2: outside, rocky. These are planets where f ice,min (and therefore also f ice,mean and f ice,max )=0, i.e., which have a high density that does not allow the presence of ices or H/He. Interestingly, no such planets are present in both analyses, in agreement with the model predictions. This shows that planets outside of the triangle of evaporation have in all cases either kept H/He and/or contain ices.
• Type 3: outside, with volatiles. These are planets with f ice,min < 1, but > 0. This means that they have a density that is too low for a rocky composition. Volatiles are needed to explain them. As we are outside of the triangle of evaporation, it is not possible to constrain whether the volatiles are H/He or ices or a mixtures of both. The f ice given for these planets are therefore upper limits. 14 (13) such planets are identified.
• Type 4: outside, unclassified. These are planets with f ice,min =0 whereas f ice,mean and/or f ice,max are not zero, meaning that both rocky and volatile compositions are possible. This occurs when the density is too poorly constraint. 5 (6) planets.
• Type 5: inside, with H/He. This would be planets where H/He is necessary to explain their density (f ice,min =1). In agreement with the theoretical model which predicts that planets in the triangle of evaporation cannot keep their H/He, no such planets are found.
• Type 6: inside, rocky. These are planets which have such high densities that f ice,min =0, i.e., which do not contain volatiles, but have a rocky composition. There are 7 (8) such planets, one of which however has nonphysically high densities.
• Type 7: inside, icy. These are planets in the triangle of evaporation, that have a f ice,min > 0, i.e., where ices are needed to explain their densities.
There are three such planets in the NoDampf analysis (55 Cnc e, Kepler-48b, Kepler-98b) and none in the Dampf analysis. This type of planet is particularly interesting for this work, and discussed further below.
• Type 8: inside, unconstrained. These are planet with an unconstrained composition, as they have f ice,min = 0 and f ice,max > 0. With 15 (17) planet, this group is the the largest, illustrating the difficulty to observationally obtain masses of such small planets that are sufficiently precise to constraint the composition.
The result of the NoDampf analysis with the SKHM07 EOS of the WM14 sample regarding these 8 types is given in the last column of Table 1 and visualized in Fig. 6 . Figure 7 shows the results also with the SKHM07 EOS, but in the Dampf analysis, i.e., with the effect of the vapor layer.
Both figures show a clear compositional gradient with increasing planet radius which is in general agreement with earlier studies (e.g., Marcy et al. 2014; Rogers 2015; Wolfgang & Lopez 2015) : for radii less than about 1.6 R ⊕ , we find rocky compositions. At radii between about 1.6 and 3 R ⊕ , volatiles are required, but it is not constrained whether it is H/He and/or ices. Finally, for R 3R ⊕ , H/He is usually required to explain the density. The theoretically predicted transition to rocky planets given by the cyan line is in both analyses broadly speaking consistent with the location in the observational data, but in this small sample here it is difficult to derive more precise constraints. For this, the larger Fulton et al. (2017) sample is more constraining. In contrast to the clear dependency on the radius, from the distribution of the observed planet types in Fig. 6 and 7 it is not obvious that there is also a gradient to more volatile compositions with orbital distance, as predicted by the evaporation model. Determining this observationally would be very important for example with CHEOPS (Broeg et al. 2013 ) and later PLATO 2.0 (Rauer et al. 2014) .
A positive agreement between theory and observation is that neither Type 2 (outside, rocky) nor Type 5 (inside, with H/He) are identified, which would be in contraction to the theoretical model that explains the distanceradius structure by a scenario where at post-formation time all planets have H/He, with the planet in the triangle of evaporation losing the H/He in the subsequent evolution making their bare rocky cores visible, and the others keeping it. Note that it could still be possible that "above" of the triangle of evaporation at higher masses and orbital distance where we cannot probe the core composition, planets have an icy core below the H/He envelope. Such a compositional gradient is predicted by the formation models of Alibert et al. (2013) . Our result of a clear compositional trend was obtained under the simplifying assumption of an Earth-like silicate:iron fraction in all planets. This is not expected if the simplification would dominate the results. The underlying reason why the assumption does not blur the trend are the strong density changes induced by adding large amounts of ices and even more so by H/He compared to the modest changes introduced by varying the silicate:iron fraction over a plausible range.
Individual planets
The most important question we wanted to address in this section is whether there are clearly ice-dominated planets in the triangle of evaporation i.e., below the cyan line (Type 7 planets). A dominance of such planets would be in contradiction to the results of Sect. 3 where it was found that the location of the evaporation valley is consistent with mainly rocky, but not icy cores. In the NoDampf analysis, three planets are found to be of Type 7, but none in the Dampf analysis.
The first is 55 Cnc e (McArthur et al. 2004; Demory et al. 2011) . For it, a f ice,mean =20% with an interval between 4 to 34% ice was found, in agreement with Demory et al. (2011) . However, it is well known that significantly different planetary properties have been reported observationally for this planet with strong consequences for the inferred composition (see discussion in Dorn et al. 2017b) . Furthermore, in the Dampf analysis, we find that the maximal, mean, and minimal f ice are 22, 5, ad 0%, showing that in the Dampf analysis, 55 Cnc e's composition is unconstrained. Thus, for 55 Cnc e an ice-dominated composition cannot be firmly established.
The second planet is Kepler-48 b . For this object we note that R/R bare (a)=0.99, i.e., it is only just inside of the triangle of evaporation, and (R + s R )/R bare (a) is even bigger than unit (1.04). More importantly, in the Dampf analysis, its composition is again unconstrained (1.0, 0.46, 0 for the the maximal, mean, and minimal f ice , respectively). Again, a clearly ice-dominated composition cannot be established.
Finally, there is Kepler-98 b. Its R/R bare (a) is 0.86, i.e. it is further away from the boundary than Kepler-48 b, but its large s R (the largest of all planets in the triangle) make that (R + s R )/R bare (a) is 0.96. As for the previous two cases, the Dampf analysis gives in contrast an unconstrained composition, with a maximum, mean, and minimal f ice =1.0, 0.58, 0.0.
All these results are identical for both the SKHM07 and GSS09 EOS. In summary this means that we could not identify a secure water-dominated composition for any planet in the triangle of evaporation.
Statistical analysis
In Tables 2 and 3 els are given such that we can compare the results of four different classification methods, allowing to see how sensitive the results are to models assumptions. One first notes that the statistical results using the SKHM07 and GSS09 internal structure models only vary little for the NoDampf analysis, and that they are even identical for the Dampf analysis. Given the differences in Fig. 5 , this may appear somewhat surprising at first, but it reflect that these differences are of second importance relative to the observational errors and the large density change induced by a H/He layer and the presence of a large amount of ice relative to no ice at all. Second, we see that expect for Type 7 (inside, icy) also the Dampf and NoDampf analyses give very similar results. This is Coming back to the question about the composition of planets in the triangle of evaporation, from the number of planets of Type 6 (inside, rocky) and Type 7 (inside, icy) in Tables 2 and 3 , we see that taken at face value, for the planets with a constrained composition, between 70-100% of the planets in the triangle of evaporation have a rocky composition, and 0-30% have an icy composition, with a value likely closer to zero. It is clear that these values are derived from a small sample, with a fixed iron:silicate ratio, and without a analysis of the errors that goes beyond the 1-σ uncertainties. But they nevertheless hint at a predominantly rocky composition of planets in the triangle of evaporation.
In summary we have found two main results in this section: first, that there is a clear trend from a rocky composition at radii less than about 1.6 R ⊕ over a volatile-rich composition with ices and/or H/He at intermediate radii (1.6-3 R ⊕ ) to one with H/He for even larger radii. The dependency on orbital distance in the observations is in contrast unclear. Second, that we could not find individual planets with a robustly volatile-dominated composition in the triangle of evaporation, but that the planets there with a sufficiently well known density have a rocky composition. This agrees with the statistical result of the location of the evaporation valley in Section 3 that also points towards a rocky composition in the bare core triangle.
THE PLANETARY MASS-MEAN DENSITY DIAGRAM AS A FUNCTION OF DISTANCE AND TIME
The planetary mass-mean density diagram highlights the structural difference shown in the a-R distribution (Rauer et al. 2014; Hatzes & Rauer 2015) . Compared to the M -R diagram, it shows compositional changes more clearly because of its 1/R 3 dependency. The radius R itself is in comparison only a weak function, changing only by a factor ∼ 20 for planetary masses varying over four order of magnitude. If accurate measurement of planetary ages are available, one of the major scientific goals of the PLATO 2.0 satellite (Rauer et al. 2014) , planetary mean density in time can be a novel component to reduce the degeneracy in different planetary bulk compositions.
5.1. General structure of the synthetic mass-density diagram As an illustration of the general structure of the synthetic mass-density diagram, Figure 8 shows the M -ρ diagram of the synthetic planetary population with rocky cores for 0.06 < a/AU< 0.5 at an age of 5 Gyr.
Its characteristic broken V-shape (Rauer et al. 2014 ) reveals several structures that are related to both planet formation and evolution. In order of increasing mass, they are:
1. The black points in the top right corner are lowmass planets that have either started without a H/He envelope or have lost it due to evaporation (as it is the case in the model). In this plot, these solid planets follow a single mass-density relation because a universal 2:1 silicate:iron ratio was adopted for this population.
2. An empty evaporation valley separate these solid planets from planets that retain an H/He envelope, breaking the "V" into two parts. It is the same valley as found in the a-R plot, but it is more clear in the mean-density plot since a small amount of H/He (just 0.1% in mass) can already decrease the mean-density by a factor of 2-3. Given the result of Fulton et al. (2017) it is expected that once we have a sufficiently high number of planets in this region with well constrainedρ such a underpopulated valley should also appear in the observational mass-density diagram.
3. Another empty region that is also a result of evaporation is the bottom left corner. This region remains empty because only planets inside 0.5 AU are included in this plot, and we are at a late moment in time, 5 Gyr. At such close-in orbits, low-mass planets with very low mean densities quickly lose all their gaseous envelopes due to intense evaporation on a short timescale. Hence they have moved to higher mean densities.
4. The planets that retain a H/He envelope form a (continuous) V-shape that is related with the coreaccretion model (Rauer et al. 2014; Baruteau et al. 2016 ). In the left branch of the "V", i.e. for low-mass core-dominated planets with H/He corresponding to (sub-)Neptunian planets, the most distinct feature is that their location in the massdensity plot reveals their envelope mass-fractions indicated in the figure by the color (Lopez & Fortney 2014; Jin et al. 2014) . The left part of the V-shape also shows the effect of evaporation for close-in low-mass planets: at a given total mass, the hotter a planet (the closer it is to the star as indicated by the symbols' shape), the higher its density since more primordial H/He was lost due to stronger evaporation. This indicates that mainly evolution (evaporation) and not formation shapes this region at least for the small orbital distances we consider here (Owen & Wu 2013) . We discuss this in more details below.
5. The most notable feature in the plot is a change of regime at about 0.1 M Jupiter (∼ 30 M ⊕ ). At this mass, for planets with (remaining) primordial H/He, the density changes from decreasing with increasing mass because of an increasing H/He mass fraction, to a typical density that is first only weakly dependent on mass (for M 70M ⊕ ), to finally a density that increases with mass, because of the increasing self-compression of the gas. The lowestρ occur for planets with 10-30 M ⊕ . Particularly lowρ correspond to planets with the highest envelope mass fraction that are in the outer part of the considered orbital distance interval. The formation track of such planets was such that the core accretion rate and thus luminosity was low towards the end of the disk lifetime, making a more efficient gas accretion possible (e.g., Ikoma et al. 2000) . This mass range also corresponds to the transition point where rapid gas accretion starts in the core-accretion scenario (Pollack et al. 1996) , and planets with masses beyond this range will become gas-dominated. This is indicated by the gray circles in the figure. The right part of the V-shape thus shows the gas-dominated giants.
6. At the highest masses ( 100 − 200M ⊕ ), the density finally increases linearly with mass, as expected for a n=1 polytrope that provides a reasonable approximation to the internal structure of giant planets in this mass domain (Baruteau et al. 2016) .
Note that the synthetic mass-density relation of gas giants in the figures is artificially sharpened in the synthetic populations for two reasons. First, we do not include bloating mechanisms like, e.g., ohmic heating (Batygin et al. 2011) . Second, in our model all planets use the same opacity laws (solar composition opacity during evolution), while in reality the compositions of the planetary atmospheres and thus the opacity will vary (e.g. Mordasini et al. 2016; Espinoza et al. 2017 ). This in turn affects the cooling and hence the planetary radius (e.g., Burrows et al. 2011; Vazan et al. 2013) . The lack of bloating mechanisms explains why the minimal density in the synthetic populations is around 0.4 g/cm 3 for giant planets, while in the actual population, there are giant planets with a mean density that is about a factor three lower (see Fig. 12 ). Interestingly, in the observational data, there are also giant planets that have, at a given mass, a mean density that is clearly higher than in the synthetic population, which is caused by heavy element contents higher than in the synthetic counterparts (e.g., Leconte et al. 2011) . As can be seen from Fig. 11 below, at larger orbital distances ( 5 AU) there are are synthetic planets with such higher densities. This is an indication that the theoretical model does not predict closein giant planets with sufficiently high enrichments. This could be a compositional indication that effects other than disk migration which is the only process considered in the formation model (also) lead to giant planets (e.g., Crida & Batygin 2014).
The mass-density diagram in time
As mentioned in the introduction, the evolution of planetary radii in time could be a way to constrain their composition, to break or reduce the degeneracies, and to thus better understand their nature (gaseous, solid, icy, rocky). Figure 9 shows the temporal evolution of the mass-density distribution of the planets between 0.06-1 AU in the rocky core population. The color gives the planetary equilibrium temperature.
One notes how the mean densities of the planets with H/He increases in time. This is for the giant planets in the right part of the "V" mostly due to cooling and contraction at constant mass. It causes the densities of these gas-dominated planets to increase by about a factor 2-3 from 20 Myr to 10 Gyr. Most of the contraction happens early-on, but significant changes still occur between 1 and 10 Gyr, the observationally more accessible time interval. For close-in core-dominated planets with H/He in the left part of the "V", evaporation is the dominant effect shaping the density in the interval of orbital distance that we consider. It can lead to an increase of the mean density by up to a factor ∼100.
Planets without H/He in contrast do not undergo significant changes of their mean density in time. This means that determining observationally whether the mean density of a certain sub-group of planets (in a interval in mass and insolation) changes between ages of 0.1 and 5 Gyr allows to see whether they contain H/He.
The features produced by evaporation are clearly visible in the left part of the panels in Figure 9 . Shortly after the end of formation, at 0.02 Gyr, some low-mass planets in the left bottom corner have very low densities 10 −2 g/cm 2 as a tenuous envelope can produce a large increase in the planetary radius (e.g., Adams et al. 2008; Jin et al. 2014) . Because the extended envelopes of such hot low-density planets are rapidly removed by evaporation (the evaporation rate in the energy limited domain scales as 1/ρ), the low-mass very low-density planets at 0.02 Gyr disappear in the snapshots at later times.
This produces a large number of close-in low-mass Fig. 9 .-Temporal evolution of the planetary mass vs. mean density of planets between 0.06-1 AU in the population with rocky cores. The color of each point shows the equilibrium temperature of the planet. The dotted and solid lines in the top left corner show the densities of Earth-like and icy cores without H/He, respectively. Note that colors of the planets on the dotted line at for example 1 Gyr give the incorrect impression that there are no, e.g., 1 M ⊕ planets hotter than about 400 K on that line. In reality, the hotter planet are hidden "under" the colder ones by the plotting method. For planets not on the line, there is in contrast no such misleading covering-over, but the colors indicate the real correlation that at fixed total mass 30M ⊕ , hotter planets have a higher density. In the panel at 10 Gyr, gray open symbols show the same population neglecting atmospheric escape. Note the general contraction of the planets as well as how atmospheric escapes eliminates in time warm and hot low-density planets of low mass.
planets that have been evaporated to bare rocky cores. These bare rocky cores lie on the Earth-like mass-radius relationship (dotted curve) as all of them have an identical 2:1 silicate:iron ratio. One sees how the most massive planet on the dotted line increases in time, as more massive (and colder) planet lose their envelope later.
Most of the density changes because of evaporation happen between the panel at 20 Myr and 110 Myr when the stellar L XUV is high and the planetary radii are large. The snapshots at 1 and 10 Gyr show almost the same gap in the mass-density space, the only difference between them is that the densities of the planets that still retain an envelope increase at the 10 Gyr's snapshot due to planet cooling. The fact that most temporal changes in the mass-density diagram happen in the first 0.1 Gyr mean that it is more difficult to directly observe them as most (bright) stars are older than this. Some temporal change however still happens between the panels at 1 and 10 Gyr, but it requires more precise measurements.
In the panel at 10 Gyr, we also show the same population but neglecting evaporation. This means that even very low-mass hot planets (artificially) keep all their primordial H/He. The weak gravity, the strong stellar irradiation and associated high planetary temperatures and large scale heights mean that these planets have very large radii and extremely low densities. An increase of the radius with decreasing mass for hot low-mass planets is a well known effect (e.g., Rogers & Seager 2010a; Mordasini et al. 2012b) . In reality, evaporation extremely would quickly removes such envelopes.
Comparison with observations ( Fig. 12) shows that such a scenario without evaporation can be ruled out. This illustrates again that for such planets, evaporation plays a decisive role in shaping their radii (Owen & Wu 2013) . Figure 10 shows the H/He envelope mass fraction in the synthetic population as a function of total mass for low-mass planets, again for 0.06<a/AU<0.5. The population is shown immediately after the end of formation (open circles) and at 5 Gyr (filled triangles). For both sets, the colors show the semimajor axes. The primor- dial envelope mass fraction as a function of total mass is an important constraint for formation models. It depends on the opacity in the protoplanetary atmosphere (Podolak 2003; Ormel 2014; , the orbital distance during formation (Ikoma & Hori 2012) , and the planet's accretional heating (Ikoma et al. 2000) . The green line plots M enve /M tot = 0.02M tot /M ⊕ to guide the eye. For this population, an atmospheric grain opacity during formation reduced by a factor 0.003 relative to ISM opacities was assumed . The line indicates how the primordial envelope mass typically increases with total mass because of the shorter KH-timescales of more massive planets. The linear increase means that the these planets have an effective KH-timescale that scales as 1/M tot . The colors show that already during formation, there is also a positive correlation of envelope mass and orbital distance (Ikoma & Hori 2012; Lee & Chiang 2015) . A dependency roughly ∝ a 0.7 is found in the synthesis, but with a lot of scatter, originating mostly from the solid accretion rate and thus luminosity at the time of gas disk dispersal.
Evolution of the envelope mass fraction
We see how evolution in the form of evaporation modifies the primordial M enve /M tot in two ways: first, at the lowest masses, the envelopes are completely removed or so strongly reduced that they are always much smaller than directly after formation. For higher masses, evaporation induces a stronger spread in the envelope mass fraction at a given total mass compared to formation. Depending on distance, some planets still have envelope masses comparable to the primordial mass, but there are also planets where only 1% (or less) of the primordial mass is left. This in particular means that there are some relatively massive planets (5-10 M ⊕ ) with only very little H/He (M enve /M tot ∼ 10 −3 ). After formation, such planets rather have M enve /M tot ∼ 10 −1 . These points explains the differences in the mean densities between the populations with and without evaporation shown in the 10 Gyr panel of Fig. 9 . Gas accretion during formation, and gas loss during evolution follow the same trend (less envelope for lowermass, closer planets), although the scalings are different. This makes it more difficult to disentangle the two effects. At younger ages, at larger orbital distances, and for more massive planets, the imprint of formation and in particular the way how the KH timescale depends on mass is therefore more clearly preserved.
5.4. Impact of the core composition and orbital distance Figure 11 shows the mass-density distributions of both the rocky (top row) and icy core (bottom row) populations at 5 Gyr for different maximal distances from the star. Planets that have lost all H/He lie along the line labeled as "Earth like" in the top row, and somewhat above the "Pure ice" line in the bottom row. These extreme composition of bare planetary cores can (in this idealized case) be easily distinguished by their location in the mass-density space.
Below these lines, the evaporation valley is visible as a depletion of planets. Analogous to its different location in the a-R diagram discussed in Section 3, it is located here at densities of about 3-7 g/cm 3 (depending on mass) for the rocky core population, but at 1-3 g/cm 3 in the icy core population. The red colors make it clear how strongly the envelope masses of close-in planets of a few M ⊕ get reduced relative to their post-formation values. In contrast to these low-mass, gas giants only lose a few percent of their initial envelope by evaporation, visible form the blue colors of giant planets (e.g., Tian et al. 2005; Murray-Clay et al. 2009; Owen & Jackson 2012; Jin et al. 2014) .
The evaporation valley can be occupied if we add planets with orbital distances > 2 AU (right column of Fig.  11) , where evaporation has a weak influence on planetary evolution so that low-mass planets can retain at least a portion of their (tenuous) H/He envelopes. Adding such distant planets also populates the bottom left corner where planets cannot retain their envelopes if only smaller orbital separations are considered. We thus see that low-mass planets with lower densities should get detected as observations allow to determine the densities of planets at increasingly large distances.
From the mass-density plot we see that if the actual planetary population would consist of planets with rocky, icy, and mixed compositions, no clear valley would appear, as discussed already in the context of the radius distribution in Sect. 3. In view of the observations of Fulton et al. (2017) , this seems however not to be the case.
5.5.
Comparison with the observed mass-density diagram Figure 12 compares the mass-density distributions of the planets inside of 1 AU in the rocky and the icy populations with the known exoplanets.
The color of each point in the figure indicates the incident flux on a planet, in comparison to the flux that the Earth receives from the Sun (F ⊕ ). Note that the observed population includes many planets that are more The color of each point shows the fraction of the initial envelope that was evaporated. The black points are planets that have lost all their initial envelope. The orange and green dashed lines show the density curves of Earth-like and pure-ice cores respectively ("icy" in contrast means 75% ice). For rocky and icy cores there is a dearth of planets with densities of 3-7 and 1-3 g/cm 3 , respectively, reflecting the different loci of the evaporation valley. With increasing distance, low-mass very low-density planets as well as planets in the evaporation valley appear. strongly irradiated than the planets in the synthetic population where the maximum flux is about 1/0.06 2 ≈ 278F ⊕ . For the synthetic population, the colors again show that at given total mass, planets at higher fluxes have a higher density, and that the masses of the planets that can retain at least a part of its primordial H/He envelope increases with increasing incident flux.
Most of the low-mass exoplanets in the right panel are from the Kepler satellite Lissauer et al. 2013 ). There are large error bars in the planetary masses, and hence the planetary mean densities. But the general trends found in the synthetic populations can still be found in the actual exoplanets. The mass-density distribution of the known exoplanets, first of all, shows the same characteristic V-shape. The mass with the lowest densities is at about 200 M ⊕ , but the minimum is very broad in mass, and affected by the bloating, making a more quantitative comparison with the synthetic population currently difficult.
Furthermore, there is no planet 10M ⊕ with a density less than 0.5 g cm −3 inside of 0.1 AU (incident flux > 100 F ⊕ ), because planets at these distances are very sensitive to evaporation and can lose a large amount of their initial H/He envelopes during evolution. Such planets would contradict evaporation models. Many of the lowmass cores that receive a flux that > 100 F ⊕ lie between the mass-density curves of the Earth-like and pure-ice cores, suggesting that they may be bare cores without an envelope. Roughly speaking, for giant planets, the massdensity distribution of the exoplanets is also similar to the gas giants in the synthetic populations, although the distribution of densities of the actual giant exoplanets is not as sharp as the distribution in the synthetic populations, as expected. There is another interesting aspect shown in the massdensity distribution of the actual exoplanets. For giant planets, at a fixed planetary mass, those receiving high incident fluxes have a lower density (e.g., Laughlin et al. 2011) . For low-mass planets, there is a hint that it is rather the opposite, i.e., those that receive high incident fluxes have a larger density. This shows that for giant planets, bloating is the dominating effect produced Lissauer et al. (2013) . The color of each point shows the incident flux of a planet relative to the flux that the Earth receives from the Sun (F ⊕ ). At low masses, more irradiated planets tend to have a higher density (a consequence of atmospheric escape), whereas for giant planets, more irradiated planets tend to have a lower density (a consequence of bloating).
by the strong incoming flux (e.g., . But for low-mass planets, the dominant effect of intense irradiation is atmospheric escape, which increases the planetary density such that density and orbital distance is anti-correlated for low-mass planets
SUMMARY AND CONCLUSIONS
We have investigated how the population-wide statistical imprints of atmospheric escape depend on the bulk composition of the planetary cores using an end-toend model of planet formation and evolution. We have found that the location of the "evaporation valley" in the two-dimensional distance-radius plane and the associated one-dimensional bimodal distribution of radii (Owen & Wu 2013; Lopez & Fortney 2013; Jin et al. 2014; Chen & Rogers 2016) clearly differ depending on the ice mass fraction of the planetary cores. Thus, we can use the imprints of evaporation to break the compositional degeneracy existing otherwise in the mass-radius relationship of close-in low-mass exoplanets. As the most important result we have found, by comparing model and observations, that the location of the gap both in the distance-radius plane and in the radius distribution recently found in the Kepler data (Fulton et al. 2017 ) is consistent with a predominantly Earth-like rocky composition of the cores, but inconsistent with a mainly icy composition. In more details, we have addressed this problem from three perspectives:
6.1. The locus of the valley In the first part of the paper, in Sect. 3, we have studied the location of the evaporation valley and the associated minimum in the radius distribution with synthetic planet populations.
Close-in, low-mass planets can be quickly evaporated to bare cores during the evolution phase after formation due to their low gravities and the strong incoming stellar XUV flux. These low-mass bare cores are well separated from the planets that retain at least a portion of their primordial H/He envelopes.
As a result, an "evaporation valley" of ∼0.5 R ⊕ in width underpopulated with planet forms, which runs diagonally downward in the a-R distribution (Owen & Wu 2013; Lopez & Fortney 2013; Jin et al. 2014; Lopez & Rice 2016) . As a consequence, the one-dimensional radius distribution becomes bimodal, with the minimum corresponding to the distance-weighted depletion of planets. These prominent evaporation features are not very sensitive to the loss efficiency in an evaporation model .
We have studied the location of this "evaporation valley" and the minimum in the radius distribution in two synthetic populations that only differ by the composition of the solid core. In the first population all solid cores have an Earth-like rocky composition. In the second all cores contain 75% of ice in mass, as expected for a formation outside of the water iceline. All planets start with primordial H/He given by the formation model.
The "evaporation valley" in the rocky core population occurs at about R bare,rocky ≈ 1.6 × (a/0.1AU) −0.27 R ⊕ in the a-R plane (Figure 2 ) in agreement with the models of Lopez & Rice (2016) , and the associated minimum in the 1D radius distribution is centered around 1.6 R ⊕ (Fig.  4) . In the icy core population, the valley is at about R bare,icy ≈ 2.3 × (a/0.1AU) −0.27 R ⊕ , and the minimum is centered around 2.4 R ⊕ . The reason for this difference is that a large amount of ice in a core decreases the core density (by about a factor 2, Fig. 5 ), which first makes the planets with icy cores more vulnerable to evaporation when they still have H/He, and second leads to larger radii of the bare cores once the H/He is evaporated. The different locations of the evaporation imprints mean that in a population with mixed core compositions, the evaporation features would be blurred or even removed 3 . We have then compared the location of the valley in the a-R plane and the minimum in the radius distribution of the two synthetic populations with the observational counterparts recently found in the Kepler data (Fulton et al. 2017) . As the most important result of this study, we have found that the imprints of evaporation in the rocky core population are consistent with observations, but not in the ice cory population (Fig. 2) . In the rocky core population, the "evaporation valley" in the a-R plane occurs at a similar location as in the observations, whereas in the icy core population it occurs at radii that are about 0.7-1 R ⊕ too large. Also the associated location of the minimum in the 1D radius histogram in the rocky core population agrees with the observed location at about 1.7 R ⊕ (Fulton et al. 2017) . The minimum in the icy core population is in contrast again at too large radii. In the icy core population the minimum even occurs quite exactly at the position of the observed sub-Neptune maximum of Fulton et al. (2017) . This makes this population clearly inconsistent with observations (Fig. 4) .
If the observed gap is really due to evaporation, we can conclude from this comparison that the cores of close-in low-mass Kepler planets are predominantly made of silicates and iron, without large amounts of ices. From a formation point of view it seems rather unlikely that other effects like a late gas-poor formation Lopez & Rice 2016) or envelope removal by giant impacts (e.g., Schlichting et al. 2015) should not have played a role as well. Our study shows the consequences of evaporation only, allowing to infer the differences to observations and the possible effects of other envelope removal mechanisms. Our statistical results also does not exclude that some close-in, low-mass planets still have a large ice content. But this should not be the dominant composition. Recently, Lopez (2017) also reached the conclusion of rocky core compositions from an analysis of a different aspect, the radii of ultra-short-period planets. The location of the valley in the rocky population is also compatible with the transition at ≈1.6 R ⊕ found by Rogers (2015) .
It is interesting to note that spectroscopic observations of polluted white dwarfs indicate a dry Earth-like bulk elemental composition for most accreted asteroids and minor planets (Jura & Young 2014; Xu et al. 2014) . The observed oxygen abundances show that the polluted WD viewed as an ensemble accreted dry material where water is at most a few percent of the total accreted mass (but exceptions exist). Even if the WD and the Kepler planets studied here probe different evolutionary stages of planetary systems, these findings point to the same consistent direction of roughly Earth-like bulk compositions without much water.
The rocky composition suggests that these planets have accreted mainly inside of the water iceline. Combined with the population-wide imprints of orbital migration in the Kepler data like the frequency maxima outside of MMR period ratios (Fabrycky et al. 2014) , the picture arises that orbital migration in the protoplanetary disk was important for the formation of these planets, but that migration was confined to the inner disk.
The region in the a-R plane containing bare planets that have lost all primordial H/He forms in a log-log plot (Fig. 2) a triangle. Therefore, we call this region the "triangle of evaporation". It is an interesting region, because the degeneracy of possible planetary compositions for a given mass and radius is reduced here.
Compositions in the triangle of evaporation
In the second part of the paper (Sect. 4) we have tried to statistically infer the fraction of planets in the triangle of evaporation containing a high ice-mass fraction among the planets there with a known density. From the first part of the paper, we expect that most planets in this region should have a rocky composition. Finding that most planets in the triangle of evaporation with known density would require large amounts of ice would be a contradiction.
For this, we have analyzed 55 planets from the Weiss & Marcy (2014) sample. Given the mass and radius and their 1-σ errors, and under the assumption that the planets have below a possible ice layer an (approximately) Earth-like silicate:iron ratio, we have calculated with interior structure models (Mordasini et al. 2012b ) the amount of ice that is necessary to explain their density. We have conducted four statistical analyses, combining two different equations of state Grasset et al. 2009 ), with two assumptions about the impact of a low-density vapor layer. In one, the NoDampf analysis, the effect of such a low-density layer was neglected. In the other, the Dampf analysis, we have subtracted the thickness of the layer from the radius, while neglecting its mass. One finds that the general statistical trends are comparable in all four analyses.
The derived ice mass fraction combined with the position of a planet either inside or outside of the triangle of evaporation for rocky cores (Eq. 4) allows to classify the 55 planets in 8 types (Table 1 ). The number of planets identified are: Type 1: outside, with H/He: 11 planets. Type 2: outside, rocky: 0. Type 3: outside, with volatiles (unconstrained whether ice and/or H/He): 14. Type 4: outside, unconstrained: 6. Type 5: inside, with H/He: 0. Type 6: inside, rocky: 7. Type 7: inside, icy: 3. Type 8: inside, unconstrained: 15. A closer look at the three Type 7 planets identified in the NoDampf analysis shows that none of them has a very secure water-dominated composition (cf. Dorn et al. 2017b; Lopez 2017) . In the Dampf analysis, the composition of all these three planets is even unconstrained.
The absence of Type 2 planets means that no rocky planets outside of the triangle of evaporation were identified. Type 5 planets were neither found. These would be planets inside of the triangle of evaporation that need H/He to explain their low density. The absence of these two types is in agreement with a scenario where planets in the triangle of evaporation lose the H/He, while those outside start with H/He and keep it.
It is interesting to study the derived compositional types in the a-R plane (Figs. 6 and 7) . A clear compositional gradient with increasing planet radius is seen, similar to earlier studies (e.g., Marcy et al. 2014; Rogers 2015; Wolfgang & Lopez 2015) : for R 1.6R ⊕ , we find rocky compositions. For 1.6 to 3 R ⊕ , volatiles are required, but it is unconstrained whether it is H/He and/or ices. Finally, for R 3R ⊕ , H/He is usually required to explain a planet's density. The theoretically predicted transition from rocky planets to those with H/He given by the evaporation valley agrees in a general way with the observed transition, but the small sample size and the large observational error bars make it difficult to make more precise statements.
The most important question we wanted to address in the second part was whether there are many clearly ice-dominated planets in the triangle of evaporation. Tables 2 and 3 summarize the number and percentages of the different planet types. They shows that taken at face value, for the planets with a constrained composition, between 70-100% of the planets in the triangle of evaporation have a rocky composition, and 0-30% an icy composition. The actual value is probably closer to zero. It is clear that these values are derived from a small sample, with a fixed iron:silicate ratio, and a simple analysis of the errors using just the 1-σ uncertainties instead of a full Bayesian analysis (e.g., Rogers 2015; Dorn et al. 2017a ). But they nevertheless hint at a predominantly rocky composition of planets in the triangle of evaporation. Based on the densities, we have thus found an agreement with the statistical result on the location of the evaporation valley from the first part that is based on radii only.
6.3. The mass-mean density diagram in time In the last part (Section 5) we have studied the planetary mass-mean density diagram as a function of distance and time. We find that the mass-density distribution of a planet population contains important information both about planet formation and evolution (Rauer et al. 2014; Hatzes & Rauer 2015; Baruteau et al. 2016) .
The general structure of the synthetic M -ρ diagram (Figure 8 ) is a characteristic broken V-shape. The left branch of the "V" consists of solid planets and, separated from then by the evaporation valley, low-mass coredominated planets with H/He. For them, the most distinct feature is that their location in the mass-density plot reveals their envelope mass fraction (Lopez & Fortney 2014) . This part of the V-shape also shows the effect of evaporation for close-in low-mass planets: at a given total mass, the hotter a planet, the higher its density since more primordial H/He was lost due to stronger evaporation. This indicates that mainly evolution in the form of evaporation shapes the radii at least for small orbital distances (Owen & Wu 2013) .
Another notable feature in the M -ρ diagram is a change of regime at about ∼ 30 M ⊕ . At this mass, for planets with (remaining) primordial H/He, the density changes from decreasing with increasing mass because of an increasing H/He mass fraction, to a density that is first only weakly dependent on mass (for M 70M ⊕ ), to finally a density that increases with mass, because of the increasing self-compression. The lowest mean density are planets of 10-30 M ⊕ . The right part of the V-shape consists of gas-dominated giant planets.
We have studied the evolution of the mean density in time (Fig. 9) . This is particularly important when considering that the PLATO 2.0 mission can determine the ages of the host stars and observe the temporal evolution of planets. As expected, the mean densities of planets with H/He increases in time. For the giant planets this is mostly due to cooling and contraction at constant mass. It causes the densities of gas-dominated planets to increase by about a factor 2-3 from 20 Myr to 10 Gyr. For close-in core-dominated planets with H/He, evaporation is in contrast the dominant effect shaping the density in the interval of orbital distance that we have studied. Evaporation removes close-in low-mass planets with low density in the mass-density space, mainly in the first 100 Myr after formation. This can lead to an increase of the mean density by up to a factor ∼100.
No significant change of the mean density in time occurs for planets without H/He. Determining observationally whether the mean density of a certain sub-group of planets (for example in a interval in mass and insolation) changes between ages of 0.1 and 5 Gyr thus allows to constrain whether they contain H/He.
A comparison of the synthetic and the observed massdensity diagram (Fig. 9) shows that the distribution of the known exoplanets also has a similar V-shape as the synthetic population. It also seems to be consistent with a similar turning point, but it is difficult to pinpoint it exactly because of the bloated giant planets.
Furthermore, for observed giant planets, at a fixed mass, those receiving high incident fluxes tend to have a lower density (e.g., Laughlin et al. 2011 ). For observed low-mass planets, there is a hint that it is rather the opposite, i.e., that those receiving a higher fluxes have a higher density. In the synthetic population, this correlation is very clear. This shows that for giant planets, bloating is the dominating effect caused by the strong incoming flux (e.g., . But for low-mass planets, the dominant effect of intense irradiation is atmospheric escape, such that density and orbital distance is anti-correlated.
6.4. Outlook Coming back to the valley of evaporation, TESS (Ricker et al. 2010) , CHEOPS (Broeg et al. 2013) , and PLATO 2.0 (Rauer et al. 2014 ) will yield accurate radii and RV follow-up or TTVs masses of planets in the a-R parameter space on both sides of the valley. This will allow to much better understand the various compositional transitions that are currently very difficult to pinpoint for individual planets because of the large error bars. An important, currently open question is how the transition from solid planets to planets with H/He depends on orbital distance. This should allow to disentangle dif-ferent mechanisms like evaporation or impacts (Lopez & Rice 2016) . It will additionally be interesting to see whether spectroscopic observations and observations of escape find an associated transition in the atmospheric properties, for example in terms of the mean molecular weight or the escape rate. This will allow to understand how bulk and atmospheric composition correlate.
Planetary evolution can sometimes blur the imprints of the formation epoch. Here we could instead have a positive opposite situation: For close-in low-mass planets, the mass distribution is under evaporation continuous without gap or local minimum, in contrast to the radius distribution. The reason is that the primordial H/He mass fraction of these planets is so small compared to the total mass that its loss does not significantly reduce the total mass . This means that the mass distribution reflects formation, whereas the radius distribution shaped by evaporation mainly reflects evolution. But interestingly, the evolutive imprint of evaporation allows to better understand formation by revealing indirectly the core composition via the location of the valley of evaporation.
Notes added. After the submission of this paper we became aware of the work of Owen & Wu (2017) who had independently reached the same main conclusions as we do in the present work regarding the composition of the Kepler planets. Comparison of their Figure 9 with our Figure 2 shows that the two papers agree well regarding the predicted location of the valley, with differences of about 0.2 R ⊕ or less.
In a recent observational study, Van Eylen et al. (2017) report a negative slope of the occurrence valley with orbital distance, consistent with the predictions of atmospheric escape.
